
Slide 1 1	
  

Data	
  Center	
  Energy	
  Efficiency	
  
Opportuni3es	
  

	
  
November	
  3,	
  2010	
  

William	
  Tschudi,	
  PE	
  
Lawrence	
  Berkeley	
  Na3onal	
  Laboratory	
  
WFTschudi@lbl.gov	
  	
  
510-­‐495-­‐2417	
  	
  
 



Slide 2 

Agenda	
  
Introduc3ons	
  
	
  
Data	
  Center	
  benchmarking	
  
	
  
Assessment	
  tools	
  –	
  DC	
  Pro	
  	
  
	
  
IT	
  efficiency	
  
	
  
Electrical	
  systems	
  opportuni3es	
  
	
  
Environmental	
  condi3ons	
  
	
  
Air	
  management	
  	
  
	
  
Free	
  Cooling	
  
	
  
Liquid	
  Cooling	
  
	
  
Q&A/discussion	
  



Slide 3 

Course	
  objec3ves	
  

•  Raise	
  awareness	
  of	
  data	
  center	
  energy	
  efficiency	
  
opportuni6es	
  	
  

	
  
•  Provide	
  resources	
  for	
  on-­‐going	
  use	
  	
  
	
  
•  Group	
  interac6on	
  for	
  common	
  issues	
  and	
  possible	
  
solu6ons	
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Poten3al	
  savings	
  

•  20-­‐40%	
  savings	
  are	
  typically	
  possible	
  
•  Aggressive	
  strategies	
  –	
  beDer	
  than	
  50%	
  savings	
  
•  Paybacks	
  are	
  short	
  –	
  1	
  to	
  3	
  years	
  are	
  common	
  
•  Poten6al	
  to	
  extend	
  life	
  and	
  capacity	
  of	
  exis6ng	
  data	
  
center	
  infrastructure	
  

•  Some	
  opportuni6es	
  need	
  to	
  be	
  integrated	
  with	
  
infrastructure	
  upgrades	
  	
  

•  Most	
  centers	
  don’t	
  know	
  if	
  they	
  are	
  good	
  or	
  bad	
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ASHRAE	
  predic3on	
  of	
  intensity	
  trend	
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Benchmarking	
  energy	
  end	
  use	
  

local distribution lines

to the building, 480 V

HVAC system

lights, office space, etc.

UPS PDU computer racks

backup diesel 
generators

Electricity Flows in Data CentersElectricity Flows in Data Centers

computer
equipment

uninterruptible 

load

UPS = Uninterruptible Power Supply

PDU = Power Distribution Unit;



Slide 7 

Data Center 
Server Load

51%

Data Center 
CRAC Units

25%

Cooling Tower 
Plant
4%

Electrical Room 
Cooling

4%

Office Space 
Conditioning

1%

Lighting
2%

Other
13%

Computer 
Loads
67%

HVAC - Air 
Movement

7%

Lighting
2%

HVAC - 
Chiller and 

Pumps
24%

The relative percentages of the energy doing 
computing varied considerably. 

Your	
  mileage	
  will	
  vary	
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Infrastructure	
  metric:	
  	
  PUE	
  =	
  total/IT	
  	
  

Average 
1.83 

Lower is 
better 

Source:  LBNL 
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Server Load/ 
Computing 
Operations 

Cooling 
Equipment 

Power 
Conversion & 
Distribution 

Alternative 
Power 

Generation 
•  High voltage distribution 
•  Use of DC power 
•  Highly efficient UPS systems 
•  Efficient redundancy 

strategies 

•  Load management 
•  Virtualization 
•  Server innovation 
•  Heat recovery 

Efficiency	
  opportuni3es	
  are	
  everywhere	
  
•  Better air management 
•  Better environmental conditions 
•  Move to liquid cooling 
•  Optimized chilled-water plants 
•  Use of free cooling 

•  Rejected heat for cooling 
•  Use of renewable   energy/

fuel cells 
•  Eliminate transmission 

losses 

Source and 
transmission losses 

On-site  
generation 
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Cooling	
  

n  Air	
  Management	
  
n  Free	
  Cooling	
  –	
  air	
  or	
  water	
  
n  Environmental	
  condi6ons	
  
n  Centralized	
  Air	
  Handlers	
  
n  Low	
  Pressure	
  Drop	
  Systems	
  
n  Fan	
  Efficiency	
  
n  Cooling	
  Plant	
  Op6miza6on	
  
n  Direct	
  Liquid	
  Cooling	
  
n  Right	
  sizing/redundancy	
  
n  Heat	
  recovery	
  
n  Building	
  envelope	
  

n  UPS	
  and	
  transformer	
  
efficiency	
  

n  High	
  voltage	
  distribu6on	
  
n  Premium	
  efficiency	
  

motors	
  
n  Use	
  of	
  DC	
  power	
  
n  Standby	
  genera6on	
  
n  Right	
  sizing/redundancy	
  
n  Ligh6ng	
  –	
  efficiency	
  and	
  

controls	
  
n  On-­‐site	
  genera6on	
  
 

Electrical 

n  Power supply    
efficiency 

n  Standby/sleep 
power modes 

n  IT equipment 
fans 

n  Virtualization 
n  Load shifting 
n  Storage de-

duplication 

 

IT 

Many	
  areas	
  for	
  improvement…	
  

Some	
  strategies	
  could	
  
be	
  demand	
  response	
  
strategies	
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Assessment	
  tools	
  
•  LBNL	
  is	
  developing	
  	
  tools	
  to	
  assist	
  in	
  performing	
  energy	
  

assessments	
  in	
  data	
  centers.	
  	
  This	
  ac6vity	
  is	
  sponsored	
  by	
  the	
  
Department	
  of	
  Energy	
  under	
  the	
  Save	
  Energy	
  Now	
  program	
  
and	
  the	
  tools	
  are	
  available	
  for	
  public	
  use.	
  

•  The	
  Green	
  Grid	
  organiza6on	
  is	
  collabora6ng	
  and	
  providing	
  
content	
  for	
  the	
  IT	
  por6ons	
  of	
  the	
  tools.	
  	
  	
  

•  An	
  assessment	
  process	
  is	
  described	
  along	
  with	
  a	
  suggested	
  
report	
  format.	
  

•  The	
  assessment	
  tools	
  are	
  collec6vely	
  called	
  DC	
  Pro.	
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DOE	
  tool	
  suite:	
  DC	
  Pro	
  
•  Profiling	
  Tool:	
  profiling	
  and	
  tracking	
  

–  Establish	
  PUE	
  baseline	
  and	
  efficiency	
  poten6al	
  	
  
(few	
  hours	
  effort)	
  

–  Document	
  ac6ons	
  taken	
  
–  Track	
  progress	
  in	
  PUE	
  over	
  6me	
  

•  Assessment	
  tools:	
  more	
  in-­‐depth	
  site	
  assessments	
  
–  Suite	
  of	
  tools	
  to	
  address	
  major	
  sub-­‐systems	
  
–  Provides	
  savings	
  for	
  efficiency	
  ac6ons	
  
–  ~2	
  week	
  effort	
  (including	
  site	
  visit)	
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DC	
  Pro	
  tools	
  
High Level Profiling Tool 

•  Overall energy performance (baseline) of data center 
•  Performance of systems (infrastructure & IT) compared to benchmarks 
•  Prioritized list of energy efficiency actions and their savings, in terms of 

energy cost ($), source energy (Btu), and carbon emissions (Mtons) 
•  Points to more detailed system tools 

IT Module 
•  Servers 
•  Storage & 

networking 
•  Software 

Electrical 
Systems 

•  UPS 
•  Transformers 
•  Lighting 
•  Standby gen. 

Cooling 
•  Air handlers/ 
 conditioners 

•  Chillers, 
pumps, fans 

•  Free cooling 

On-Site Gen 
•  Renewables 
•  use of 

waste heat 

Air 
Management 

•  hot cold 
separation 

•  environmental 
conditions 
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Online	
  profiling	
  tool	
  

     OUTPUTS 
•  Overall efficiency 

(DCiE) 

•  End-use breakout 

•  Potential areas for 
energy efficiency 
improvement 

•  Overall energy use 
reduction potential 

       INPUTS 

•  Description 

•  Utility bill data 

•  System information 

−   IT 

−   Cooling 

−   Power 

−   On-site gen 



Data Center Energy Practitioner Training Data Center Energy Practitioner Training 

Overview	
  of	
  DC	
  Pro	
  Profiling	
  Tool	
  

On-­‐Line	
  Profiling	
  Tool:	
  Profiling	
  and	
  tracking	
  
• Establish	
  PUE	
  baseline	
  and	
  efficiency	
  poten6al	
  	
  
(few	
  hours	
  effort)	
  

• Document	
  ac6ons	
  taken	
  
• Track	
  progress	
  in	
  PUE	
  over	
  6me	
  

15 



Data Center Energy Practitioner Training Data Center Energy Practitioner Training 

Profiling	
  Tool:	
  Walk-­‐Through	
  (Step-­‐by-­‐Step)	
  

www.eere.energy.gov/datacenters	
  
	
  
The	
  following	
  slides	
  step	
  through	
  the	
  screens	
  of	
  the	
  tool.	
  

16 



Data Center Energy Practitioner Training Data Center Energy Practitioner Training 

Logging	
  In	
  

17 



Data Center Energy Practitioner Training Data Center Energy Practitioner Training 

Step	
  1:	
  Case	
  Informa3on	
  

18 



Data Center Energy Practitioner Training Data Center Energy Practitioner Training 

Step	
  1:	
  Case	
  Informa3on	
  (con3nued)	
  

19 

Click on 
this  icon  

for a 
ToolTip 



Data Center Energy Practitioner Training Data Center Energy Practitioner Training 

Step	
  2:	
  Energy	
  Use	
  

20 



Data Center Energy Practitioner Training Data Center Energy Practitioner Training 

Step	
  2:	
  Energy	
  Use	
  (con3nued)	
  

21 



Data Center Energy Practitioner Training Data Center Energy Practitioner Training 

Step	
  3:	
  Produc3on	
  Informa3on	
  (op3onal)	
  

22 



Data Center Energy Practitioner Training Data Center Energy Practitioner Training 

Step	
  4:	
  Supplied	
  Energy	
  

23 



Data Center Energy Practitioner Training Data Center Energy Practitioner Training 

Step	
  5:	
  Energy	
  Use	
  Distribu3on	
  (op3onal)	
  	
  

24 



Data Center Energy Practitioner Training Data Center Energy Practitioner Training 

Step	
  6:	
  Results	
  

Summary	
  Report	
  providing	
  the	
  following	
  informa6on:	
  
•  Case	
  Informa6on	
  
•  Annual	
  Energy	
  Use	
  
•  Poten6al	
  Annual	
  Energy	
  Savings	
  &	
  DCIE	
  
Benchmarking	
  

•  Poten6al	
  Annual	
  CO2	
  Savings	
  
•  Suggested	
  Next	
  Steps	
  
 

25 



Data Center Energy Practitioner Training Data Center Energy Practitioner Training 

Step	
  6:	
  Results	
  

26 



Data Center Energy Practitioner Training Data Center Energy Practitioner Training 

Step	
  6:	
  Results	
  (con3nued)	
  

27 
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Data Center Energy Practitioner Training Data Center Energy Practitioner Training 

Contact	
  Informa3on	
  for	
  the	
  DC	
  Pro	
  Tool	
  Suite	
  

Paul	
  Mathew,	
  Ph.D.	
  
Lawrence	
  Berkeley	
  Na6onal	
  Laboratory	
  
510-­‐486-­‐5116	
  
pamathew@lbl.gov	
  	
  
	
  
DC	
  Pro	
  Support	
  
dcprotechsupport@ppc.com	
  
	
  

29 
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IT	
  equipment	
  
•  	
  Predic6ng	
  IT	
  loads	
  

–  	
  Over	
  sizing,	
  at	
  least	
  ini6ally,	
  is	
  common	
  
–  	
  Over	
  sizing	
  of	
  IT	
  can	
  lead	
  to	
  inefficiencies	
  in	
  electrical	
  and	
  mechanical	
  	
  

systems	
  (and	
  higher	
  capital	
  costs)	
  
•  	
  IT	
  loads	
  can	
  be	
  controlled	
  

–  	
  Server	
  efficiency	
  
•  Power	
  supply	
  efficiency	
  
•  Redundancy	
  op6ons	
  
•  Low	
  power	
  modes	
  
•  Fan	
  energy	
  
•  Liquid	
  cooling	
  

–  	
  Sohware	
  efficiency	
  (Virtualiza6on,	
  MAID,	
  etc.)	
  
–  	
  Redundancy	
  and	
  back-­‐up	
  power	
  

•  Reducing	
  IT	
  load	
  has	
  a	
  mul6plier	
  effect	
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The	
  value	
  of	
  one	
  waf	
  saved	
  at	
  the	
  server	
  CPU	
  
1	
  WaD	
  at	
  CPU	
  
=	
  1.25	
  WaDs	
  at	
  entry	
  to	
  server	
  (80%	
  efficient	
  power	
  supply)	
  
=	
  1.56	
  WaDs	
  at	
  entry	
  to	
  UPS	
  (80%	
  efficient	
  UPS)	
  
=	
  2.5	
  WaDs	
  including	
  cooling	
  (2.0	
  PUE)	
  
=	
  22	
  kWh	
  per	
  year	
  
=	
  $2.20	
  per	
  year	
  (assuming	
  $0.10/kWh)	
  
=	
  $6	
  of	
  infrastructure	
  cost	
  (assuming	
  $6/W)	
  
•  	
  Total	
  Cost	
  of	
  Ownership	
  (TCO)	
  Perspec3ve	
  =	
  $12.60	
  (assuming	
  three	
  year	
  life	
  of	
  
server)	
  

•  Typical	
  added	
  cost	
  of	
  80	
  plus	
  power	
  supply	
  $3	
  -­‐	
  $5.	
  	
  
•  Typical	
  value	
  -­‐	
  $170	
  	
  (assumes	
  15	
  Wafs	
  saved	
  at	
  power	
  supply	
  )	
  

$170$90$80 Total
$906/watt$15w  tureInfrastruc

80$3
/000,1

/760,8/10.0$0.215         Energy    

=+

=×

≈×
××× yrs

kWw
yrhrskwPUEw
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Efficient	
  power	
  supplies	
  
SSI Recommended Minimum Power Supply Efficiencies

40%

45%

50%

55%

60%

65%

70%

75%

80%

85%

90%

95%

100%

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Load

Ef
fic

ie
nc

y

2U Rack Chassis Power Supplies, Redundant Hotswappable
1U Rack Mount Entry Server Systems.
Required Minimum for Proper Power Supply Cooling

Server System Infrastructure (SSI) Initiative (SSI members include Dell, Intel, and IBM)  
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Measured	
  power	
  supply	
  efficiency	
  

Typical operation 
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•  1. Assuming $0.10/kWh, 8760 hr/yr, 85% efficient UPS supply, 72% efficiency baseline PS 
•  2. Cooling electrical demand is estimated 75% of rack demand, the average ratio of 12 

benchmarked datacenter facilities  

Power	
  supply,	
  per	
  server	
  savings	
  

Power Supplied 
Per Server  

(Watts) 

Annual Savings Using a 
SSI Recommended 

Minimum Efficiency 
Supply1 

Annual Savings 
Including Typical 
Cooling Energy2  

200 $       37 $       65 
300 $       56 $       97 
400 $       74 $      130 
500 $       93 $      162 
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Power	
  supply	
  savings	
  add	
  up	
  
Annual Savings:Standard vs. High Eff Power Supply
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Server	
  virtualiza3on	
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Server	
  virtualiza3on	
  
• 	
  	
   	
  Energy	
  savings	
  and	
  poten6al	
  u6lity	
  	
  incen6ve	
  for	
  Server	
  

	
  Virtualiza6on.	
  
• 	
  	
   	
  Number	
  of	
  servers	
  before	
  virtualiza6on:	
  50.	
  
• 	
  	
   	
  Number	
  of	
  servers	
  aher	
  virtualiza6on:	
  30.	
  

SCE 



Slide 38 

Electrical	
  Systems	
  Efficiency	
  

Focus	
  Areas:	
  
•  Electrical	
  distribu6on	
  systems	
  
•  Motor	
  efficiency	
  
•  Standby	
  genera6on	
  
•  Ligh6ng	
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Electrical	
  System	
  Efficiency	
  Issues	
  
•  Infrastructure	
  is	
  typically	
  oversized	
  for	
  much	
  of	
  its	
  life	
  because	
  
power	
  requirements	
  are	
  overstated	
  

•  Legacy	
  equipment	
  is	
  inefficient	
  
•  IT	
  equipment	
  is	
  on	
  and	
  not	
  doing	
  anything	
  
• Mul6ple	
  power	
  conversions	
  –	
  some	
  power	
  is	
  converted	
  to	
  
heat	
  which	
  must	
  then	
  be	
  removed	
  
• UPS	
  
• Transformers	
  and	
  PDUs	
  (with	
  transformers)	
  

• Distribu6on	
  voltages	
  are	
  not	
  op6mized	
  
• Standby	
  generator	
  block	
  heaters	
  not	
  op6mized	
  
•  Ligh6ng	
  efficiency	
  and	
  ligh6ng	
  controls	
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local distribution lines

to the building, 480 V

HVAC system

lights, office space, etc.

UPS PDU computer racks

backup diesel 
generators

Electricity Flows in Data CentersElectricity Flows in Data Centers

computer
equipment

uninterruptible 

load

UPS = Uninterruptible Power Supply

PDU = Power Distribution Unit;
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Overall	
  power	
  use	
  in	
  data	
  centers	
  

Courtesy of Michael Patterson, Intel Corporation 
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Electrical	
  Distribu3on	
  101 	
  	
  

•  Every	
  power	
  conversion	
  (AC-­‐DC,	
  DC-­‐AC,	
  AC-­‐AC)	
  
loses	
  some	
  energy	
  and	
  creates	
  heat	
  

•  Efficiency	
  decreases	
  when	
  systems	
  are	
  lightly	
  
loaded	
  

•  Distribu6ng	
  higher	
  voltage	
  is	
  more	
  efficient	
  and	
  
saves	
  capital	
  cost	
  (conductor	
  size	
  is	
  smaller)	
  

•  Uninterrup6ble	
  power	
  supply	
  (UPS),	
  transformer,	
  
and	
  PDU	
  efficiencies	
  vary	
  

•  	
  Efficiency	
  of	
  power	
  supplies	
  in	
  IT	
  equipment	
  	
  varies	
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Inverter 

In Out 

Bypass 

Battery/Charger 
Rectifier 

Inverter 

In Out 

Bypass 

Battery/Charger 
Rectifier 

Internal Drive 
External Drive 

I/O 
Memory Controller 

µ  Processor 

SDRAM 
Graphics Controller 

DC/DC AC/DC 
DC/DC 

AC/DC Multi output 
Power Supply  

Voltage Regulator Modules  

5V 
12V 
3.3V 

12V 1.5/2. 
5V 

1.1V - 
1.85V 

3.3V 
3.3V 

12V 

PWM/PFC 
Switcher 

Unregulated DC 
To Multi Output  
Regulated DC  

Voltages 

Internal Drive 
External Drive 

I/O 
Memory Controller 

µ  Processor 

SDRAM 
Graphics Controller 

DC/DC AC/DC 
DC/DC 

AC/DC Multi output 
Power Supply  

Voltage Regulator Modules  

5V 
12V 
3.3V 

12V 1.5/2. 
5V 

1.1V - 
1.85V 

3.3V 
3.3V 

12V 

PWM/PFC 
Switcher 

Unregulated DC 
To Multi Output  
Regulated DC  

Voltages 

From	
  u3lity	
  power	
  to	
  the	
  chip	
  –	
  
mul3ple	
  electrical	
  power	
  conversions	
  

Power Distribution Unit (PDU) 

Server Uninterruptible Power Supply (UPS) 

AC DC AC DC 
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UPS,	
  transformer,	
  and	
  PDU	
  efficiency	
  
Factory Measurements of UPS Efficiency

70%

75%

80%

85%

90%

95%

100%

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Percent of Rated Active Power Load

Ef
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y
Flywheel UPS

Double-Conversion UPS

Delta-Conversion UPS

(tested using linear loads)

 

•  Efficiencies	
  vary	
  with	
  
system	
  design,	
  
equipment,	
  and	
  load	
  

•  Redundancies	
  will	
  
always	
  impact	
  
efficiency	
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UPS	
  factory	
  measurements	
  	
  

Typical Operation 
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Benchmarked	
  UPS	
  performance	
  



Slide 47 

	
  	
  	
  Managing	
  UPS	
  load	
  capacity	
  
 

          Example:	
  	
  	
  10%	
  difference	
  in	
  UPS	
  efficiency	
  per	
  1000	
  kW	
  IT	
  load	
  results	
  in	
  
approximately	
  900	
  MWhr	
  of	
  Energy	
  saving	
  per	
  year	
  and	
  approx	
  $400K	
  of	
  
energy	
  saving	
  over	
  5	
  years.	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
                

74.0%
76.0%
78.0%
80.0%
82.0%
84.0%
86.0%
88.0%
90.0%
92.0%
94.0%
96.0%
98.0%

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Double Conversion UPS Delta Coversion UPS Rotary UPS Flywheel UPS

Most	
  UPS	
  units	
  in	
  N	
  or	
  
N+X	
  configura3on	
  
operate	
  at	
  10%	
  to	
  40%	
  
load	
  capacity	
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Redundancy 	
  	
  
•  Understand	
  what	
  redundancy	
  costs	
  and	
  what	
  it	
  gets	
  you	
  –	
  is	
  it	
  

worth	
  it?	
  
•  Different	
  strategies	
  have	
  different	
  energy	
  penal6es	
  	
  (e.g.	
  2N	
  

vs.	
  N+1)	
  
•  It’s	
  possible	
  to	
  more	
  fully	
  load	
  UPS	
  systems	
  and	
  achieve	
  

desired	
  redundancy	
  
•  Redundancy	
  in	
  electrical	
  distribu6on	
  always	
  puts	
  you	
  down	
  

the	
  efficiency	
  curve	
  
•  Consider	
  other	
  op6ons	
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Electrical	
  systems	
  sizing	
  
•  IT	
  Design	
  Load	
  historically	
  was	
  typically	
  based	
  on	
  	
  IT	
  Nameplate	
  

load	
  ra3ng	
  plus	
  future	
  growth	
  

	
  Problem	
  –	
  actual	
  IT	
  loads	
  are	
  <25%	
  of	
  nameplate	
  

•  IT	
  load	
  was	
  determined	
  on	
  a	
  Wafs/sf	
  basis	
  

	
  Problem	
  –IT	
  loads	
  are	
  now	
  concentrated	
  
	
  
•  UPS	
  systems	
  are	
  sized	
  for	
  IT	
  load	
  plus	
  20-­‐50%	
  

	
  Problem	
  –	
  load	
  was	
  already	
  oversized	
  by	
  factor	
  of	
  4	
  
	
  
•  Standby	
  generators	
  are	
  sized	
  for	
  UPS	
  load	
  x2	
  or	
  more	
  

	
  Problem	
  –	
  block	
  heaters	
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DC/ACAC/DC480 VAC
Bulk Power

Supply

UPS PDU

AC/DC DC/DC VRM

VRM

VRM

VRM

VRM

VRM

12 V

Loads
using

Legacy
Voltages

Loads
using

Silicon
Voltages

12 V

5 V

3.3 V

1.2 V

1.8 V

0.8 VServer

PSU

“Today’s”	
  AC	
  distribu3on	
  

480 V. AC 
building 
power 
supply 



Slide 51 

AC/
DC

480 VAC
Bulk 

Power 
Supply DC UPS

or 
Rectifier

DC/
DC VRM

VRM

VRM

VRM

VRM

VRM

12 V

Loads 
using 

Legacy 
Voltages

Loads 
using 

Silicon 
Voltages

12 V

5 V

3.3 V

1.2 V

1.8 V

0.8 VServer

PSU

380 VDC

Distribu3ng	
  DC	
  power	
  can	
  eliminate	
  several	
  stages	
  of	
  
power	
  conversion	
  and	
  could	
  be	
  used	
  for	
  ligh3ng,	
  easy	
  
3e	
  in	
  of	
  variable	
  speed	
  drives,	
  and	
  renewable	
  energy	
  
sources.	
  	
  

 
           

380V.	
  	
  DC	
  power	
  distribu3on	
  

Back 
up - 

batteries 
or flywheel 
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●   Install low voltage transformers outside of 

 the raised floor area 
 
●    Specify transformers with high efficiency 

 at their operating loads 

●    Optimize loads on PDUs (with built-in 
 transformers) 

Transformers and PDUs 



Slide 53 

Typical	
  112.5kVA	
  nonlinear	
  UL	
  listed	
  
transformer	
  

90%

91%

92%

93%

94%

95%

96%

97%

98%

99%

100%

1 5 9 13 17 21 25 29 33 37 41 45 49 53 57 61 65 69 73 77 81 85 89 93 97 101

% Loading

Ef
fic

ie
nc

y 
(%

)

Typical Tx with Linear Load

Typical Tx with Nonlinear Load

Significant variation in efficiency over load range 
Courtesy of PowerSmiths 
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Data	
  center	
  ligh3ng	
  
•  Lights	
  are	
  on	
  and	
  nobody’s	
  home	
  

–  Switch	
  off	
  lights	
  in	
  unused/unoccupied	
  areas	
  or	
  rooms	
  (UPS,	
  BaDery,	
  S/Gear,	
  
etc)	
  

–  Ligh6ng	
  controls	
  such	
  as	
  occupancy	
  sensors	
  are	
  well	
  proven	
  	
  

•  Small	
  rela6ve	
  benefit	
  but	
  easy	
  to	
  accomplish	
  –	
  	
  
	
  also	
  saves	
  HVAC	
  energy	
  	
  

•  Use	
  energy	
  efficient	
  ligh6ng	
  	
  
•  Lights	
  should	
  be	
  located	
  over	
  the	
  aisles	
  
•  DC	
  ligh6ng	
  would	
  compliment	
  DC	
  distribu6on	
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Standby	
  genera3on	
  loss	
  
•  Several	
  load	
  sources	
  

–  Heaters	
  
–  BaDery	
  chargers	
  
–  Transfer	
  switches	
  
–  Fuel	
  management	
  systems	
  

•  Opportunity	
  may	
  be	
  to	
  reduce	
  	
  
or	
  eliminate	
  hea6ng,	
  baDeries,	
  	
  
and	
  chargers	
  

•  Heaters	
  (many	
  opera6ng	
  hours)	
  use	
  more	
  electricity	
  than	
  the	
  generator	
  will	
  
ever	
  produce	
  (few	
  opera6ng	
  hours)	
  
–  Check	
  with	
  the	
  emergency	
  generator	
  manufacturer	
  on	
  how	
  to	
  reduce	
  the	
  overall	
  

energy	
  consump6on	
  of	
  block	
  heaters	
  (e.g.	
  temperature	
  seongs	
  and	
  control)	
  
•  Right-­‐sizing	
  of	
  stand-­‐by	
  genera6on	
  
•  Consider	
  redundancy	
  op6ons	
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Standby	
  generator	
  heater	
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Environmental	
  Condi3ons	
  
•  Most	
  centers	
  are	
  over-­‐cooled	
  and	
  have	
  

humidity	
  control	
  issues	
  
	
  
•  ASHRAE	
  and	
  IT	
  equipment	
  

manufacturers	
  have	
  established	
  
recommended	
  and	
  allowable	
  condi6ons	
  
for	
  air	
  delivered	
  to	
  the	
  intake	
  of	
  the	
  
compu6ng	
  equipment	
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NEBS is the de-facto standard for 
telecom equipment and facilities; 

END USER CENTRIC 

NEBS	
  

58 

Telcordia. 2001. (Herrlin, M.) Generic Requirements GR-3028-CORE, Thermal Management in Telecommunications Central 
Offices, Issue 1, December 2001, Telcordia Technologies, Inc., Piscataway, NJ. 

 
Telcordia. 2006. (Kluge, R.) Generic Requirements NEBS GR-63-CORE, NEBS Requirements: Physical Protection, Issue 3, 

March 2006, Telcordia Technologies, Inc., Piscataway, NJ. 
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Environmental	
  Condi3ons	
  
•  Some	
  manufacturers	
  design	
  for	
  	
  
	
  even	
  harsher	
  condi6ons	
  

•  Design	
  for	
  computer	
  comfort	
  –	
  	
  
	
  not	
  people	
  comfort	
  

•  Most	
  data	
  center	
  computer	
  	
  
	
  room	
  air	
  condi6oners	
  are	
  	
  
	
  controlling	
  the	
  air	
  returning	
  
	
  	
  to	
  the	
  unit	
  

•  Percep6ons	
  lead	
  many	
  data	
  centers	
  to	
  
operate	
  much	
  cooler	
  than	
  necessary;	
  
ohen	
  less	
  than	
  68	
  	
  ̊F.	
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Environmental	
  Condi3ons	
  
•  Prior	
  to	
  ASHRAE’s	
  Thermal	
  Guidelines,	
  there	
  were	
  NO	
  

published	
  temperature	
  and	
  humidity	
  guidelines.	
  
•  ASHRAE’s	
  Thermal	
  Guidelines	
  have	
  a	
  RECOMMENDED	
  

temperature	
  range	
  of	
  18	
  	
  ̊C	
  (64.4	
  	
  ̊F	
  )	
  to	
  27	
  	
  ̊C	
  (80.6	
  	
  ̊F	
  ).	
  
•  Although	
  this	
  wider	
  band	
  may	
  feel	
  strange,	
  it	
  is	
  endorsed	
  by	
  IT	
  

manufacturers	
  and	
  can	
  poten6ally	
  enable	
  SIGNIFICANT	
  energy	
  
savings	
  especially	
  when	
  using	
  	
  economizers.	
  

•  Allowable	
  ranges	
  are	
  wider	
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Environmental	
  Specifica3ons	
  (°F)	
  

(@ Equipment Intake) Recommended 
(Facility) 

Allowable 
(Equipment) 

Temperature 
   Data Centers ASHRAE 

   Telecom NEBS 

 
64.4° – 80.6°F 

65° – 80°F 

 
59.0° – 89.6°F 
 41° – 104°F 

Humidity (RH) 
  Data Centers ASHRAE 

   Telecom NEBS 

41.9°F DP –  
60% or 59.0oF DP 

≤55% 

20% – 
80% & 62.6°F DP 

5 – 85% 

61 
ASHRAE Reference: ASHRAE (2008); NEBS References: Telcordia (2006 and 2001)  

 Intake temperatures (and humidity) for IT equipment within a data center 
must fall within a range per ASHRAE or NEBS thermal guideline. Level of 
compliance can be demonstrated with the Rack Cooling Index (slide 17).  

ASHRAE 

NEBS 
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Temperature	
  Rate-­‐of-­‐Change	
  Specifica3ons	
  

(@ Equipment Intake) Maximum 

  Data Centers  
                        ASHRAE (2004) 
 
                        ASHRAE (2008) 
    

  Telecom Centers 
                        NEBS (2002) 
 
                        NEBS (2001, 2006) 

 

5°C/hr (9.0°F/hr)  
20°C/hr (36.0°F/hr) 

 

54°F/hr (30.0°C/hr) 
173°F/hr (96.1°C/hr) 

62 

Very large differences in temperature rate-of-change. The NEBS specification 
was developed by estimating the potential gradients in case of cooling outages. 

ASHRAE Reference: ASHRAE (2004 and 2008); NEBS References: Telcordia (2001, 2002, and 2006)  
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  Table 2.1 - Equipment Environment Specifications
Class Product Powered 'On' - 2008 Recommended Environmental Envelope

Dry Bulb Temperature oC (oF) % Relative Humidity Recommended Dew Point oC (oF) Max Rate of 
Allowable Recommended Allowable Recommended Minimum Maximum Change oC (oF) / hr

1 15 to 32
(59 to 90)

18 to 27
(64 to 81) 20 to 80 Max. 60 5.5 

(42)
15 

(59)
5

(9)

2 10 to 35
(50 to 95)

18 to 27
(64 to 81) 20 to 80 Max. 60 5.5

(42)
15

(59)
5

(9)

3 5 to 35
(41 to 95) NA 8 to 80 NA NA 28

(82) NA

4 5 to 40
(41 to 104) NA 8 to 80 NA NA 28

(82) NA
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ASHRAE	
  Thermal	
  Report	
  

From ASHRAE’s Thermal Guidelines for Data Processing Environments 
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 Recommended range (statement of reliability): 
Preferred facility operation; most values should be within this range. 
 

 Allowable range (statement of functionality): 
Robustness of equipment; no values should be outside this range. 

Max Allowable 

Rack Intake 
Temperature 

Max Recommended 
Over-Temp 

Recommended  
Range 

Under-Temp 

Min Recommended 

Min Allowable 

Allowable  
Range 

Key	
  Nomenclature	
  

65 
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 Class 1 & 2 
Recommended Range 

ASHRAE	
  Recommended	
  Condi3ons	
  

ASHRAE Reference: ASHRAE (2004, 2008); NEBS References: Telcordia (2006 and 2001).  
66 

Chart courtesy of ASHRAE 
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Typical Server Specification 

Class 1 & 2 
Recommended Range 

Server	
  Specs	
  Generally	
  Exceed	
  ASHRAE	
  Ranges	
  

67 

Chart courtesy of ASHRAE 
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Example	
  server	
  specifica3on:	
  
(Dell	
  PowerVault	
  MD3000)	
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69 

Equipment	
  Environmental	
  Specifica3on	
  -­‐
measurement	
  loca3on-­‐	
  

Air Inlet to Datacom 
Equipment is the 

important specification 
to meet 

Outlet temperature is not  
important to Datacom 

Equipment 
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Electrosta6c	
  discharge	
  (ESD)	
  
•  	
  IT	
  Equipment	
  is	
  rated	
  to	
  withstand	
  ESD	
  events	
  
•  Racks	
  are	
  grounded	
  
•  Recommended	
  procedures	
  

–  Personnel	
  grounding	
  
–  Cable	
  grounding	
  

•  Recommended	
  equipment	
  
–  Grounding	
  wrist	
  straps	
  
–  Grounded	
  plate	
  for	
  cables	
  
–  Grounded	
  flooring	
  

•  Industry	
  prac6ces	
  
–  Telecom	
  has	
  no	
  lower	
  limit	
  (personnel	
  grounding)	
  
–  Electrosta6c	
  Discharge	
  Associa6on	
  removed	
  humidity	
  control	
  as	
  a	
  
primary	
  ESD	
  control	
  measure	
  in	
  ESD/ANSI	
  S20.20	
  

	
   70 

Low	
  Humidity	
  Limit	
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Lower	
  humidity	
  limit	
  
•  Tight	
  humidity	
  control	
  is	
  a	
  legacy	
  issue	
  from	
  days	
  when	
  paper	
  

products	
  and	
  tape	
  were	
  widely	
  used	
  
•  Humidity	
  controls	
  are	
  a	
  point	
  of	
  failure	
  and	
  are	
  hard	
  to	
  

maintain.	
  	
  Ohen	
  humidity	
  controls	
  fight	
  each	
  other.	
  
•  Many	
  data	
  centers	
  today	
  operate	
  without	
  humidifica6on	
  –	
  

Southern	
  California	
  should	
  be	
  fine	
  without	
  humidity	
  control	
  
•  Humidity	
  may	
  be	
  required	
  for	
  some	
  physical	
  media	
  (tape	
  

storage,	
  prin6ng	
  and	
  burs6ng)	
  
–  Old	
  technology	
  not	
  found	
  in	
  many	
  data	
  centers	
  
–  It	
  is	
  best	
  to	
  segregate	
  these	
  items	
  rather	
  than	
  humidify	
  the	
  en6re	
  data	
  

center	
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•  Some	
  par6culate	
  contaminants	
  (hydroscopic	
  
salts)	
  in	
  combina6on	
  with	
  high	
  humidity	
  can	
  
(over	
  6me)	
  deposit	
  and	
  bridge	
  across	
  circuits	
  
causing	
  current	
  leakage	
  or	
  shorts	
  

•  Opera6ng	
  with	
  high	
  humidity	
  (>60%)	
  in	
  a	
  
contaminated	
  environment	
  over	
  a	
  long	
  period	
  of	
  
6me	
  is	
  not	
  likely	
  

•  Filtra6on	
  does	
  a	
  good	
  job	
  of	
  removing	
  these	
  
par6cles	
  	
  

72 

High	
  Humidity	
  Limit	
  Issues	
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Center 8
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LBNL	
  par3culate	
  study	
  at	
  a	
  data	
  center	
  w/
economizer	
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Example	
  survey	
  of	
  CRACs	
  

Temp RH Tdp Temp RH Tdp Mode
AC 005 84.0        27.5        47.0        76 32.0        44.1        Cooling
AC 006 81.8        28.5        46.1        55 51.0        37.2        Cooling & Dehumidification
AC 007 72.8        38.5        46.1        70 47.0        48.9        Cooling
AC 008 80.0        31.5        47.2        74 43.0        50.2        Cooling & Humidification
AC 010 77.5        32.8        46.1        68 45.0        45.9        Cooling
AC 011 78.9        31.4        46.1        70 43.0        46.6        Cooling & Humidification

Min 72.8        27.5        46.1        55.0        32.0        37.2        
Max 84.0        38.5        47.2        76.0        51.0        50.2        
Avg 79.2        31.7        46.4        68.8        43.5        45.5        

Visalia Probe CRAC Unit PanelVaisala!
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Gaseous	
  Contamina3on	
  
LBNL	
  and	
  the	
  industry	
  are	
  studying	
  the	
  effects	
  of	
  
gaseous	
  contamina6on	
  on	
  electronic	
  equipment.	
  
	
  
The	
  elimina6on	
  of	
  Lead	
  solder	
  due	
  to	
  Rojas	
  legisla6on	
  
led	
  to	
  use	
  of	
  silver	
  based	
  solder	
  techniques	
  which	
  are	
  
more	
  prone	
  to	
  corrosion	
  in	
  high	
  sulfur	
  bearing	
  gas	
  
environments.	
  
	
  
Annocdotal	
  evidence	
  indicates	
  that	
  disc	
  drive	
  circuit	
  
boards	
  have	
  higher	
  failure	
  rates.	
  	
  Failures	
  have	
  
occurred	
  in	
  tradi6onal	
  (closed)	
  data	
  centers	
  in	
  severe	
  
environments.	
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Break	
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Visualizing	
  airflow	
  
•  CFD	
  
•  Monitoring,	
  infrared	
  

thermography	
  or	
  other	
  site	
  
measurements	
  

•  Live	
  imaging	
  systems	
  

CFD image 

Cold Hot Cold Hot Cold

ANCIS CFD
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Visualiza3on	
  sotware	
  

78 
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What	
  is	
  Air	
  Management?	
  

79 

 The	
  goal	
  of	
  Air	
  Management	
  is	
  to	
  minimize	
  mixing	
  of	
  hot	
  
and	
  cold	
  air	
  streams	
  by	
  minimizing	
  air	
  recircula(on	
  of	
  hot	
  
air	
  and	
  minimizing	
  by-­‐pass	
  of	
  cold	
  air	
  in	
  the	
  data	
  center	
  
room.	
  Successfully	
  implemented,	
  both	
  measures	
  result	
  in	
  
energy	
  savings	
  and	
  befer	
  thermal	
  condi3ons.	
  

 
  

	
  Equip.
Rack

Recirculation

Equip.
Rack

By-Pass
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Separa3on	
  of	
  Cool	
  and	
  Hot	
  Air	
  

80 

 The	
  preferred	
  strategy	
  is	
  to	
  supply	
  cool	
  air	
  as	
  close	
  to	
  the	
  
equipment	
  intakes	
  as	
  possible	
  without	
  prior	
  mixing	
  with	
  
ambient	
  air	
  and	
  return	
  hot	
  exhaust	
  air	
  without	
  prior	
  
mixing	
  with	
  ambient	
  air,	
  i.e.,	
  once-­‐through	
  cooling.	
  

	
  

Equip. 
Rack 

 
No Air 
Mixing 

 

No Air 
Mixing 

 

An	
  op3mal	
  server	
  class	
  
moves	
  air	
  from	
  the	
  cool	
  
front	
  aisle	
  to	
  the	
  rear	
  hot	
  
aisle,	
  maintaining	
  the	
  hot	
  

and	
  cool	
  aisles.	
  

Cool Front 
Aisle 

 

Hot Rear 
Aisle 

 



Key	
  Challenge	
  #1:	
  By-­‐Pass	
  Air	
  

81 

 By-­‐pass	
  air	
  does	
  not	
  par6cipate	
  in	
  cooling	
  the	
  IT	
  equipment	
  
and	
  should	
  be	
  minimized.	
  By-­‐pass	
  air	
  may	
  be	
  caused	
  by	
  an	
  
excess	
  of	
  supply	
  air	
  or	
  leakage	
  through	
  cable	
  cutouts.	
  

 

Equip. 
Rack 

 

By-Pass 
Air 
 

By-Pass 
Air 
 

Some	
  common	
  causes:	
  
• 	
  Too	
  much	
  supply	
  airflow	
  
• 	
  Misplaced	
  perforated	
  6les	
  
• 	
  Leaky	
  cable	
  penetra6ons	
  
• 	
  Too	
  high	
  6le	
  exit	
  velocity	
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•  Less	
  hot	
  spots	
  
•  Higher	
  air	
  veloci6es	
  
•  Higher	
  fan	
  energy	
  
•  Reduced	
  economizer	
  
effec6veness	
  (due	
  to	
  
lower	
  return	
  
temperatures)	
  

	
  	
  

∑
••

> ServersSupplyHVAC VV _

By-­‐Pass	
  occurs	
  when	
  the	
  HVAC	
  systems	
  have	
  more	
  
airflow	
  than	
  the	
  servers	
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Energy	
  and	
  Thermal	
  Implica3ons	
  

83 

 More	
  supply	
  airflow	
  is	
  required	
  as	
  the	
  by-­‐pass	
  air	
  is	
  in	
  
addi$on	
  to	
  the	
  server	
  airflow	
  requirements.	
  Although	
  by-­‐
pass	
  air	
  increases	
  the	
  opera6onal	
  costs	
  (higher	
  fan	
  
opera6ng	
  costs),	
  it	
  may	
  safeguard	
  against	
  elevated	
  thermal	
  
condi6ons.	
  Reducing	
  the	
  by-­‐pass	
  air	
  also	
  leads	
  to	
  airflow	
  
and	
  cooling	
  capacity	
  regain.	
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Key	
  Challenge	
  #2:	
  Recircula3on	
  Air	
  

84 

 Recircula6on	
  air	
  returns	
  to	
  the	
  electronic	
  equipment	
  
mul6ple	
  6mes	
  and	
  should	
  be	
  minimized.	
  Recircula6on	
  may	
  
be	
  caused	
  by	
  a	
  deficit	
  of	
  supply	
  air.	
  

 
 

Equip. 
Rack 

 

Recirculation 
Air 
 

Some	
  common	
  causes:	
  
• 	
  Too	
  liDle	
  supply	
  airflow	
  
• 	
  Lack	
  of	
  blanking	
  panels	
  
• 	
  Gaps	
  between	
  racks	
  
• 	
  Short	
  equipment	
  rows	
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Eleva6on	
  at	
  a	
  cold	
  aisle	
  looking	
  at	
  racks	
  

Typical	
  temperature	
  profile	
  with	
  underfloor	
  supply	
  

Too hot Too hot 

Just right 

Too cold 

There are numerous references in ASHRAE.  See for example V. Sorell et al; “Comparison of 
Overhead and Underfloor Air Delivery Systems in a Data Center Environment Using CFD 
Modeling”; ASHRAE Symposium Paper DE-05-11-5; 2005 

Hot	
  air	
  comes	
  around	
  top	
  of	
  servers	
  

Cold	
  air	
  escapes	
  through	
  ends	
  of	
  aisles	
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Eleva6on	
  at	
  a	
  cold	
  aisle	
  looking	
  at	
  racks	
  

Too warm Too warm 

Just right 

Typical	
  temperature	
  profile	
  with	
  overhead	
  supply	
  
Overhead	
  supply	
  tends	
  to	
  mix	
  air	
  befer	
  

Cold	
  air	
  s3ll	
  escapes	
  through	
  ends	
  of	
  aisles	
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•  Par6al	
  flow	
  condi6on	
  
•  Best	
  energy	
  performance	
  
•  Hard	
  to	
  control	
  
•  Works	
  best	
  with	
  aisle	
  

containment	
  

	
  	
  

∑
••

≈ ServersSupplyHVAC VV _

In	
  a	
  perfect	
  world,	
  variable	
  flow	
  supply,	
  	
  
variable	
  flow	
  server	
  fans	
  and	
  air	
  containment	
  

Cold Aisle  
Containment 
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Energy	
  and	
  Thermal	
  Implica3ons	
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 Recircula6on	
  air	
  leads	
  to	
  less	
  control	
  of	
  the	
  equipment	
  
intake	
  condi6ons;	
  the	
  implica6ons	
  may	
  be	
  reduced	
  
reliability	
  and	
  longevity.	
  Local	
  “hot	
  spots”	
  may	
  lead	
  to	
  a	
  
perceived	
  need	
  to	
  increase	
  the	
  overall	
  supply	
  airflow	
  (higher	
  
fan	
  energy)	
  or	
  reduce	
  the	
  supply	
  temperature	
  (lower	
  chiller	
  
efficiency	
  and	
  less	
  opportunity	
  for	
  air-­‐side	
  and	
  water-­‐side	
  
economiza6on).	
  	
  

 
   

  
 



Hot	
  and	
  Cold	
  Aisles	
  (under-­‐floor	
  cooling)	
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Graphics courtesy of DLB Associates 

 
Cold	
  air	
  is	
  supplied	
  
into	
  the	
  cold	
  front	
  
aisles,	
  the	
  servers	
  
move	
  the	
  air	
  from	
  the	
  
front	
  to	
  the	
  rear,	
  and	
  
the	
  hot	
  exhaust	
  air	
  is	
  
returned	
  to	
  the	
  air	
  
handler	
  from	
  the	
  hot	
  
rear	
  aisles.	
  	
  

Arranging	
  the	
  space	
  in	
  alterna6ng	
  
hot	
  and	
  cold	
  aisles	
  is	
  the	
  first	
  step	
  
towards	
  once-­‐through	
  cooling.	
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Hot and Cold Aisles (over-head cooling) 

90 

Cold Hot Cold Hot Cold

  Cross-section of hot and cold aisles 
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Overhead	
  	
  vs.	
  underfloor	
  distribu3on	
  
Issue Overhead (OH) Supply Underfloor (UF) Supply
Capacity Limited by space and aisle velocity. Limited by free area of floor tiles.
Balancing Continuous on both outlet and branch. Usually limited to incremental changes by 

diffuser type.  Some tiles have balancing 
dampers.  Also underfloor velocities can 
starve floor grilles!

Control Up to one pressure zone by branch. Only one pressure zone per floor, can 
provide multiple temperature zones.

Temperature 
Control

Most uniform. Commonly cold at bottom and hot at top.

First Cost Best (if you eliminate the floor). Generally worse.
Energy Cost Best. Worst.
Flexibility Harder to reconfigure Easiest
Aisle Capping Hot or cold aisle possible. Hot or cold aisle possible.
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Isola3ng	
  hot	
  or	
  cold	
  aisles	
  
•  Energy	
  intensive	
  IT	
  equipment	
  needs	
  good	
  isola6on	
  of	
  “cold”	
  

inlet	
  and	
  “hot”	
  discharge.	
  
•  Supply	
  airflow	
  can	
  be	
  reduced	
  if	
  no	
  mixing	
  occurs.	
  
•  Overall	
  temperature	
  can	
  be	
  raised	
  in	
  the	
  data	
  center	
  if	
  air	
  is	
  

delivered	
  to	
  equipment	
  without	
  mixing.	
  
•  Cooling	
  systems	
  and	
  economizers	
  use	
  less	
  energy	
  with	
  

warmer	
  return	
  air	
  temperatures.	
  
•  Cooling	
  coil	
  capacity	
  increases	
  with	
  warmer	
  air	
  temperatures.	
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LBNL	
  cold	
  aisle	
  containment	
  demo	
  

Cold Aisle NW - PGE12813
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Baseline Alternate 1

Setup

Setup

Alternate 2

ASHRAE 
Recommended Range 

Ranges during 
demonstration 

Better airflow management permits warmer supply temperatures! 
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Enhancing	
  Separa3on	
  of	
  Hot/Cold	
  Air	
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 Physical	
  barriers	
  can	
  be	
  used	
  to	
  enhance	
  the	
  separa6on	
  of	
  
hot	
  and	
  cold	
  air	
  but	
  the	
  placement	
  of	
  barriers	
  must	
  take	
  into	
  
account	
  fire	
  codes.	
  Enclosed	
  aisles	
  permit	
  high	
  supply	
  and—
in	
  turn—return	
  temperatures.	
  	
  

 

     Open                  Semi-enclosed                Enclosed 
                                    cold aisle                    cold aisle 

Doors Lid 



Slide 95 

Hot	
  aisle	
  containment	
  the	
  frugal	
  way	
  

Hard partition or 
strip curtain 

Rack Rack 

Dropped ceiling 

AHU 
or 
CRAC 

Return duct 
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Par33ons	
  

CoolShield	
  or	
  Trax	
  SealTech	
   Ceilume	
  Heat	
  Shrink	
  Tiles	
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© 2004, American Society of Heating, Refrigerating and Air-Conditioning Engineers, Inc. (www.ashrae.org). Reprinted by permission from 
ASHRAE Thermal Guidelines for Data Processing Environments. This material may not be copied nor distributed in either paper or digital form 
without ASHRAE’s permission. 

Cold Aisle Caps 

Cold Aisle 

Hot Aisle 

Cold aisle containment, overhead supply 
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Perforated	
  Floor	
  Tiles/Diffusers	
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Perforated	
  floor	
  6les	
  (or	
  over-­‐head	
  diffusers)	
  
should	
  only	
  be	
  placed	
  in	
  the	
  cold	
  aisles	
  and	
  
approximately	
  match	
  the	
  need	
  of	
  the	
  server	
  
equipment.	
  As	
  discussed	
  before,	
  too	
  liDle	
  or	
  too	
  
much	
  supply	
  air	
  may	
  result	
  in	
  poor	
  overall	
  
opera6ng	
  condi6ons.	
  The	
  hot	
  aisles	
  are	
  supposed	
  
to	
  be	
  hot	
  and	
  perforated	
  6les	
  should	
  not	
  be	
  placed	
  
in	
  those	
  areas.	
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Hot	
  aisle	
  containment	
  with	
  in	
  row	
  cooling	
  

End cap 

Hot aisle lid 

© APC reprinted with permission 

Rack 

In row fan-coil 

With	
  hot	
  aisle	
  containment,	
  the	
  general	
  data	
  center	
  is	
  neutral	
  (70-­‐75F)	
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Combined	
  hot	
  and	
  cold	
  aisle	
  containment	
  

© Verari Systems, reprinted with permission 

CRAC/CRAH/AHU	
  

In	
  this	
  model	
  the	
  data	
  center	
  can	
  be	
  controlled	
  for	
  comfort	
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Raised-­‐Floor	
  Height	
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 The	
  cooling	
  capacity	
  of	
  a	
  raised	
  floor	
  depends	
  on	
  its	
  
effec$ve	
  height,	
  which	
  can	
  be	
  increased	
  by	
  
removing	
  cables	
  and	
  other	
  obstruc6ons	
  that	
  are	
  
not	
  in	
  use.	
  	
  

	
  
	
  The	
  cooling	
  capacity	
  is	
  generally	
  limited	
  by	
  pressure	
  
varia6ons	
  in	
  the	
  plenum,	
  which	
  lead	
  to	
  erra6c	
  
cooling	
  airflow	
  rates.	
  Equipment	
  aisle	
  enclosures	
  
can	
  increase	
  the	
  capacity	
  since	
  varia6ons	
  in	
  the	
  
airflows	
  tend	
  to	
  cancel	
  out	
  inside	
  the	
  enclosure.	
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Cable	
  Conges3on	
  

102 

Cable	
  conges6on	
  in	
  raised-­‐floor	
  plenums	
  can	
  sharply	
  reduce	
  
the	
  total	
  airflow	
  as	
  well	
  as	
  degrade	
  the	
  airflow	
  distribu6on	
  
through	
  the	
  perforated	
  floor	
  6les.	
  No	
  cable	
  trays	
  should	
  be	
  
placed	
  below	
  the	
  perforated	
  6les.	
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Maintain	
  Tight	
  Raised	
  Floors	
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A	
  large	
  frac6on	
  of	
  the	
  air	
  from	
  the	
  air-­‐handler(s)	
  is	
  ohen	
  lost	
  
through	
  leaks	
  in	
  the	
  raised	
  floor.	
  Such	
  leakage	
  ohen	
  causes	
  
by-­‐pass	
  air	
  that	
  does	
  not	
  contribute	
  to	
  cooling	
  the	
  electronic	
  
equipment.	
  A	
  rigorous	
  program	
  should	
  be	
  in	
  place	
  to	
  
maintain	
  the	
  raised	
  floor	
  and	
  the	
  plenum.	
  	
  

    Unsealed cable penetration 
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Plugging	
  holes	
  

Cable Management Baffle System 
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Managing	
  Blanking	
  Panels	
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Managing	
  blanking	
  panels	
  and	
  unbroken	
  equipment	
  lineups	
  
is	
  especially	
  important	
  in	
  hot	
  and	
  cold	
  aisle	
  environments.	
  
Any	
  opening	
  between	
  the	
  aisles	
  will	
  degrade	
  the	
  separa6on	
  
of	
  hot	
  and	
  cold	
  air.	
  A	
  rigorous	
  program	
  should	
  be	
  in	
  place	
  to	
  
maintain	
  the	
  panels.	
  	
  

Equip. 
Rack 

 
Recirculation 

Air 
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Loca3on	
  of	
  CRAC/CRAH	
  Units	
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 CRAC/CRAH	
  units	
  should	
  be	
  placed	
  to	
  promote	
  an	
  
even	
  pressure	
  distribu6on	
  in	
  the	
  floor	
  plenum.	
  It	
  
may	
  seem	
  counter-­‐intui6ve,	
  but	
  center	
  them	
  
(perpendicularly)	
  on	
  the	
  hot	
  aisles	
  rather	
  than	
  on	
  
the	
  cold	
  aisles	
  results	
  in	
  beDer	
  cooling	
  
performance.	
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Fan	
  Energy	
  Savings	
  with	
  variable	
  speed	
  fans	
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If	
  mixing	
  of	
  cold	
  supply	
  air	
  
with	
  hot	
  return	
  air	
  can	
  be	
  
eliminated	
  (enclosure),	
  
fan	
  speed	
  can	
  be	
  reduced.	
  	
  
	
  
Fan	
  energy	
  savings	
  	
  of	
  
70-­‐80%	
  are	
  not	
  
uncommon	
  with	
  variable	
  
air	
  volume	
  (VAV)	
  fans.	
  	
  
	
  
The	
  power	
  input	
  to	
  a	
  fan	
  
may	
  be	
  propor6onal	
  to	
  
the	
  cube	
  of	
  the	
  speed	
  of	
  
the	
  device.	
  	
  

Without Enclosure        With Enclosure       Without Enclosure 
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Air	
  Balancing	
  

108 

When	
  changes	
  are	
  made	
  to	
  the	
  IT	
  equipment	
  
inventory,	
  the	
  air-­‐distribu6on	
  system	
  eventually	
  
needs	
  to	
  be	
  rebalanced.	
  A	
  system	
  out	
  of	
  balance	
  
results	
  in	
  a	
  degraded	
  thermal	
  equipment	
  
environment	
  and	
  ohen	
  higher	
  airflow	
  rates	
  and	
  
energy	
  costs	
  to	
  combat	
  hot	
  spots.	
  Rela6vely	
  high	
  
pressure	
  drops	
  at	
  the	
  diffuser	
  level	
  improve	
  the	
  
chances	
  for	
  a	
  successful	
  balancing.	
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DOE	
  Air-­‐Management	
  Energy	
  Assessment	
  Tool	
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The	
  AM-­‐Tool	
  developed	
  by	
  DOE	
  is	
  a	
  free	
  Excel	
  tool	
  for	
  
assessing	
  the	
  data	
  center	
  air-­‐management	
  status.	
  	
  

http://hightech.lbl.gov/dc-assessment-tools.html  



Slide 110 

Best	
  air	
  delivery	
  prac3ces	
  
•  Arrange	
  racks	
  in	
  hot	
  aisle/cold	
  aisle	
  configura6on.	
  
•  Plug	
  leaks	
  in	
  floor	
  and	
  racks!	
  
•  Try	
  to	
  match	
  or	
  exceed	
  server	
  airflow	
  by	
  aisle.	
  

– Use	
  thermal	
  report	
  data	
  from	
  IT.	
  
–  Plan	
  for	
  worst	
  case.	
  

•  Variable	
  speed	
  or	
  two	
  speed	
  fans	
  on	
  servers.	
  
•  Variable	
  airflow	
  fans	
  for	
  CRAC/H	
  or	
  AHU	
  supply.	
  
•  Use	
  air	
  handlers	
  rather	
  than	
  CRAHs	
  for	
  improved	
  
performance.	
  

•  Provide	
  aisle	
  containment	
  (either	
  hot	
  or	
  cold	
  aisle	
  
works).	
  

•  Draw	
  return	
  from	
  as	
  high	
  as	
  possible.	
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Case	
  study	
  at	
  LBNL	
  

27 low flow tiles removed 

OH supply to UF 

30 high flow tiles replaced 
 with low flow tiles 

CRAC unit PM 
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LBNL	
  case	
  study	
  results	
  	
  
•  7%	
  increase	
  (~30kW)	
  in	
  IT	
  load	
  with	
  8%	
  less	
  fan	
  
energy	
  

•  CRAC	
  unit	
  setpoints	
  3°F	
  warmer	
  
•  Fewer	
  hot	
  spots	
  
•  (1)	
  15	
  ton	
  unit	
  turned	
  off	
  
•  (1)	
  extra	
  15	
  ton	
  unit	
  on-­‐line	
  but	
  redundant	
  
•  The	
  wireless	
  sensor	
  network	
  enabled	
  facili6es	
  to	
  
visualize,	
  track	
  and	
  fine	
  tune	
  many	
  changes	
  in	
  the	
  
data	
  center	
  including	
  tuning	
  of	
  the	
  floor	
  6les	
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HVAC	
  system	
  overview	
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Air-­‐Side	
  Economizer	
  

114 

VS RELIEF FAN 
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Air-­‐side	
  economizer	
  

95F 

Min. Vent 

90F 

65F 

T 

T 

T 
Modulating 

VS RELIEF FAN 
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Air-­‐side	
  economizer	
  

T 

T 90F 

T 
Closed 65F 

65F 

Closed 

VS RELIEF FAN 
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Air-­‐side	
  economizer	
  

T 

T 90F 

T 35F 

Closed 65F 

VS RELIEF FAN 
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Air	
  side	
  economizer	
  elements	
  
•  Dampers	
  

–  OSA	
  
–  RA	
  

•  Temperature	
  sensors	
  
–  SAT	
  
–  RAT	
  
–  OAT	
  

•  High	
  limit	
  switch	
  
•  Minimum	
  posi6on	
  control	
  (ven6la6on)	
  
•  Space	
  pressure	
  control	
  	
  

–  Barometric	
  or	
  powered	
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Prepared  by DLB Associates 

Relative availability of air-side economizer hours for selected US cities as 
a function of supply air temperature 

Air-­‐Side	
  Economizers:	
  Energy	
  Savings	
  Poten3al	
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Water-Side Economizer Hours with no required mechanical cooling1,2

Los Angeles San Jose Denver Co Chicago Boston MA Atlanta Seattle

Outdoor Air 
Wetbulb Bin 

oF(oC)
CWS1 oF(oC)

Supply Air 
Temp2 

oF(oC)

% of Yr below 
wetbulb

% of Yr below 
wetbulb

% of Yr below 
wetbulb

% of Yr below 
wetbulb

% of Yr below 
wetbulb

% of Yr below 
wetbulb

% of Yr below 
wetbulb

59 (15) 66 (19) 70 (21) 68% 78% 93% 75% 75% 56% 90%

53 (12) 60 (16) 64 (18) 36% 46% 77% 64% 63% 44% 68%

47 (8) 54 (12) 58 (14) 13% 21% 63% 55% 52% 33% 45%

41 (5) 48 (9) 52 (11) 3% 6% 51% 46% 41% 22% 21%

Air-Side Economizer Hours with no required mechanical cooling3,4,5

Los Angeles San Jose Denver Co Chicago Boston MA Atlanta Seattle

Outdoor Air 
Drybulb Bin 

oF (oC)

Supply Air 
Temp3        

oF (oC)

% of Yr below 
drybulb

% of Yr below 
drybulb

% of Yr below 
drybulb

% of Yr below 
drybulb

% of Yr below 
drybulb

% of Yr below 
drybulb

% of Yr below 
drybulb

69 (21) 70 (21) 86% 80% 82% 80% 83% 65% 65%

63 (17) 64 (18) 59% 64% 72% 70% 71% 51% 51%

57 (14) 58 (14) 32% 39% 61% 62% 61% 41% 41%

51 (11) 52 (11) 6% 18% 51% 52% 50% 29% 29%

Adiabatically Humidified/ Cooled Air-Side Economizer Hours with no required mechanical cooling3,4,5

Los Angeles San Jose Denver Co Chicago Boston MA Atlanta Seattle

Outdoor Air 
Wetbulb Bin 

oF (oC)

Supply Air 
Temp3        

oF (oC)

% of Yr below 
wetbulb

% of Yr below 
wetbulb

% of Yr below 
wetbulb

% of Yr below 
wetbulb

% of Yr below 
wetbulb

% of Yr below 
wetbulb

% of Yr below 
wetbulb

69 (21) 70 (21) 99% 100% 100% 93% 95% 82% 100%

63 (17) 64 (18) 87% 93% 99% 83% 85% 65% 98%

57 (14) 58 (14) 53% 70% 89% 71% 72% 51% 85%

51 (11) 52 (11) 23% 39% 73% 60% 60% 39% 62%

Notes:

1 Chilled water supply temperature assumes a 7oF (4oC.) approach between wetbulb temperature and chilled water supply

temperature for all conditions. Cooling tower selections need to be checked for an actual application.

2 Supply air temperature assumes a 4oF (2.2oC) approach between condenser water temperature and supply air temperature

for all conditions. A heat exchanger needs to be engineered for an actual application.

3 Supply air temperature assumes a 1oF  (0.6oC) temperature rise to account for fan heat and friction heat rise

4 The percentage listed in this table refer the ability of outside air to meet the listed temperature specification. Humidification and dehumidification

will also be needed to meet recommended ASHRAE conditions.

5 Caution: Owners have been known to disable air-side economizers in data centers.
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Air-­‐Side	
  Economizer	
  –	
  100%	
  Free	
  Cooling	
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Map Courtesy of The Green Grid 

http://cooling.thegreengrid.org/namerica/WEB_APP/calc_index.html 
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Air-­‐Side	
  Economizer	
  
Advantages	
  
•  Lower	
  energy	
  use	
  
•  Added	
  reliability	
  (backup	
  in	
  

the	
  event	
  of	
  cooling	
  system	
  
failure)	
  

•  BeDer	
  IAQ	
  
•  Backup	
  to	
  mechanical	
  

cooling.	
  

Poten3al	
  Issues	
  
•  Space	
  
•  Par6culate	
  contaminants	
  (not	
  

a	
  concern	
  with	
  filtra6on)	
  
•  Gaseous	
  contaminants	
  

•  Not	
  widespread	
  
•  Can	
  test	
  using	
  coupons	
  

•  Shutdown	
  if	
  smoke	
  is	
  outside	
  
data	
  center.	
  

121 
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Heat Exchanger in 
series with chillers 
on CHW side 

Integrated	
  water-­‐side	
  economizer	
  

You can use either 
a control valve or 
pump 

44F 60F 

Twb 41F 

46F 

49F 

44F 

44F 

<60F 
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Water-­‐Side	
  Economizer	
  –	
  100%	
  Free	
  Cooling 

123 
http://cooling.thegreengrid.org/namerica/WEB_APP/calc_index.html 
 

Map Courtesy of The Green Grid 
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Advantages	
  
•  Very	
  cost	
  effec6ve	
  in	
  cool	
  

and	
  dry	
  climates	
  (1	
  to	
  4	
  
year	
  paybacks)	
  

•  Added	
  reliability	
  (backup	
  in	
  
the	
  event	
  of	
  cooling	
  system	
  
failure).	
  

•  Can	
  be	
  retrofit	
  in	
  air	
  or	
  
water-­‐cooled	
  plants	
  

Poten3al	
  Issues	
  
•  HX	
  must	
  be	
  in	
  series	
  (not	
  

parallel)	
  with	
  chillers	
  to	
  be	
  
“integrated”	
  

•  Works	
  best	
  with	
  high	
  delta-­‐
T	
  coils	
  (warm	
  CHWR	
  
temperatures).	
  

124 

Water-­‐Side	
  Economizer	
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Chilled Water Design Temperature (Degrees F) 

Free Cooling Opportunity 

Water-­‐Side	
  Economizer	
  

Rear-­‐Door	
  Cooling	
  

On-­‐Board	
  Cooling	
  
Poten3al	
  for	
  Tower	
  Cooling	
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Free	
  cooling	
  summary	
  
•  Air-­‐	
  and	
  water	
  economizers	
  can	
  save	
  significant	
  
energy	
  if	
  properly	
  designed	
  and	
  controlled.	
  

•  Air-­‐	
  economizers	
  can	
  increase	
  energy	
  usage	
  if	
  you	
  
have	
  humidity	
  controls.	
  

•  Air-­‐economizers	
  do	
  increase	
  par6culates	
  but	
  these	
  
can	
  be	
  addressed	
  with	
  standard	
  filtra6on.	
  

•  Water	
  economizers	
  should	
  be	
  integrated	
  by	
  
installing	
  free	
  cooling	
  heat	
  exchanger	
  in	
  series	
  with	
  
the	
  chillers.	
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Moving	
  to	
  liquid	
  cooling	
  
•  Many	
  flavors	
  of	
  liquid	
  cooling	
  commercially	
  available	
  
•  As	
  heat	
  densi6es	
  rise	
  liquid	
  solu6ons	
  are	
  becoming	
  
more	
  aDrac6ve	
  

•  The	
  closer	
  the	
  liquid	
  gets	
  to	
  the	
  heat	
  source,	
  the	
  
more	
  efficient	
  it	
  can	
  become	
  

•  Liquids	
  could	
  provide	
  cooling	
  with	
  higher	
  
temperature	
  coolant	
  

•  Liquids	
  also	
  offer	
  the	
  poten6al	
  for	
  beDer	
  re-­‐use	
  of	
  
waste	
  heat	
  



Data Center Energy Practitioner Training Data Center Energy Practitioner Training 

Why	
  Liquid	
  Cooling?	
  

~	
  200,000	
  cubic	
  foot	
  blimp	
  

= 

Water	
  
Air	
  

Volumetric	
  heat	
  capacity	
  comparison	
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Fans	
  move	
  energy	
  less	
  efficiently	
  

0.58 bhp 
Fan 

0.05 bhp 
Pump Pipe 

4 gpm 
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“Chill-­‐off	
  2”	
  	
  evalua3on	
  of	
  modular	
  cooling	
  	
  



Data Center Energy Practitioner Training Data Center Energy Practitioner Training 

 There are a number of supplemental cooling solutions 
that shorten or eliminate the air path, including the 
following: 

 
§  Modular in-row cooling units placed directly in the server rack 

lineups. They allow higher supply temperatures, which could reduce 
energy usage. 

§  Modular cooling units placed over the cold aisles or over the server 
lineups can be used with traditional raised-floor systems for high-
density loads. 

§  Rear-door heat exchangers neutralizes the hot exhaust air to near 
ambient conditions. These exchangers could reduce the cooling 
equipment footprint. 

Supplemental	
  Liquid	
  Cooling	
  Solu3ons	
  

131 
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In	
  rack	
  liquid	
  cooling	
  
Racks	
  with	
  integral	
  coils	
  and	
  full	
  containment	
  

Cooling 
Coil 
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Rear	
  door	
  cooling	
  
• Passive	
  technology	
  
• Relies	
  on	
  server	
  fans	
  
for	
  airflow	
  

• Can	
  use	
  chilled	
  or	
  CW	
  
for	
  cooling	
  



Slide 134 

In	
  row	
  cooling	
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On	
  board	
  cooling	
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Resources 
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SCE	
  Incen3ve	
  Programs	
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Links	
  for	
  more	
  informa3on	
  
DOE	
  Website:	
  Sign	
  up	
  to	
  stay	
  up	
  to	
  date	
  on	
  new	
  developments	
  
www.eere.energy.gov/datacenters	
  
Lawrence	
  Berkeley	
  Na6onal	
  Laboratory	
  (LBNL)	
  
hDp://hightech.lbl.gov/datacenters/	
  
ASHRAE	
  Data	
  Center	
  technical	
  guidebooks	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  hDp://tc99.ashraetcs.org/	
  
The	
  Green	
  Grid	
  Associa6on:	
  White	
  papers	
  on	
  metrics	
  	
  
hDp://www.thegreengrid.org/gg_content/	
  
Energy	
  Star®	
  Program	
  
hDp://www.energystar.gov/index.cfm?c=prod_development.server_efficiency	
  

Up6me	
  Ins6tute	
  white	
  papers	
  
www.up6meins6tute.org	
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• Design	
  Guides	
  were	
  
developed	
  based	
  upon	
  
observed	
  best	
  prac6ces	
  	
  

• Guides	
  are	
  available	
  through	
  
PG&E	
  and	
  LBNL	
  websites	
  

Design	
  guidelines	
  

http://hightech.lbl.gov/documents/DATA_CENTERS/06_DataCenters-PGE.pdf   
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Web	
  based	
  training	
  resource	
  	
  

http://hightech.lbl.gov/dctraining/TOP.html 
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ASHRAE	
  resources	
  
•  ASHRAE	
  (hDp:\\www.ashrae.org)	
  

–  Technical	
  CommiDee	
  (TC)	
  9.9	
  Mission	
  Cri6cal	
  Facili6es	
  
hDp://tc99.ashraetcs.org/	
  	
  

www.ssiforums.org 
www.80plus.org  
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ASHRAE	
  TC	
  9.9	
  Datacom	
  Book	
  Series	
  

1.  Thermal	
  Guidelines	
  for	
  Data	
  Processing	
  Environments	
  2nd	
  Edi6on	
  (2008)	
  

2.  Datacom	
  Equipment	
  Power	
  Trends	
  &	
  Cooling	
  Applica6ons	
  (2005)	
  

3.  Design	
  Considera6ons	
  for	
  Datacom	
  Equipment	
  Centers	
  (2006)	
  

4.  Liquid	
  Cooling	
  Guidelines	
  for	
  Datacom	
  Equipment	
  Centers	
  (2006)	
  

5.  Structural	
  &	
  Vibra6on	
  Guidelines	
  for	
  Datacom	
  Equipment	
  Centers	
  (2008)	
  

6.  Best	
  Prac6ces	
  for	
  Datacom	
  Facility	
  Energy	
  Efficiency	
  (2008)	
  

7.  High	
  Density	
  Data	
  Centers	
  –	
  Case	
  Studies	
  &	
  Best	
  Prac6ces	
  (2008)	
  

8.  Par6culate	
  &	
  Gaseous	
  Contamina6on	
  in	
  Datacom	
  Environments	
  (2009)	
  

9.  Real-­‐Time	
  Energy	
  Consump6on	
  Measurements	
  in	
  Data	
  Centers	
  (2009)	
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Other	
  resources	
  
•  Electrosta6c	
  Discharge	
  Associa6on	
  (hDp://www.esda.org/)	
  	
  
•  Chilled	
  Water	
  Plant	
  Resources	
  

–  PG&E	
  CoolTools™	
  Chilled	
  Water	
  Plant	
  Design	
  Guide	
  (
hDp://taylor-­‐engineering.com/publica6ons/design_guides.shtml)	
  

–  ASHRAE	
  Journal	
  ar6cle,	
  “Balancing	
  Variable	
  Flow	
  Hydronic	
  Systems”	
  and	
  other	
  CHW	
  ar6cles	
  on	
  
TE	
  website	
  at	
  hDp://www.taylor-­‐engineering.com/publica6ons/ar6cles.shtml	
  	
  

•  Control	
  and	
  Commissioning	
  Resources	
  
–  DDC	
  Online	
  (hDp://www.ddc-­‐online.org)	
  
–  AutomatedBuildings	
  (hDp://www.automatedbuildings.com/).	
  	
  
–  ASHRAE	
  Guideline	
  13-­‐2000,	
  “Specifying	
  Direct	
  Digital	
  Control	
  System.”	
  
–  Control	
  Spec	
  Builder	
  an	
  on-­‐line	
  resource	
  for	
  developing	
  control	
  specifica6ons	
  (hDp://

www.CtrlSpecBuilder.com)	
  
–  	
  Na6onal	
  Building	
  Controls	
  Informa6on	
  Program	
  (NBCIP,	
  hDp://www.buildingcontrols.org/)	
  
–  CSU	
  Control	
  and	
  CX	
  Guidelines	
  (hDp://www.calstate.edu/cpdc/ae/guidelines.shtml)	
  
–  California	
  Commissioning	
  Collabora6ve	
  (CaCx,	
  hDp://www.cacx.org)	
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Contact	
  informa3on:	
  
	
  
Bill	
  Tschudi,	
  P.E.	
  
Lawrence	
  Berkeley	
  Na6onal	
  Laboratory	
  
Applica6ons	
  Team	
  
MS	
  90-­‐3011	
  
Lawrence	
  Berkeley	
  Na6onal	
  Laboratory	
  
Berkeley,	
  CA	
  94720	
  
	
  
	
  
WFTschudi@LBL.gov	
  
(510)	
  495-­‐2417	
  
hDp://hightech.LBL.gov	
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Ques3ons?	
  -­‐	
  Discussion	
  

Thank you for attending 
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Contact	
  informa3on	
  	
  
DOE	
  Data	
  Center	
  Program	
  
Paul	
  Scheihing	
  
DOE	
  Industrial	
  Technologies	
  Program	
  
Office	
  of	
  Energy	
  Efficiency	
  and	
  Renewable	
  Energy	
  
202-­‐586-­‐7234	
  
Paul.Scheihing@ee.doe.gov	
  
	
  
DC	
  Pro	
  Tool	
  Suite	
  
Paul	
  Mathew	
  
Lawrence	
  Berkeley	
  Na6onal	
  Laboratory	
  
510-­‐486-­‐5116	
  
pamathew@lbl.gov	
  


